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Abstract 

Pumilus antiquatus Atkins has been found in the lower mid littoral zone of the shores 
of Lyttelton and Otago Harbours, New Zealand, where it is attached to the under¬ 
side of rocks and is often associated with Waltonia inconspicua (Sowerby). It is a 
simultaneous hermaphrodite, fertilisation taking place in the mantle cavity of the 
parent. In Otago Harbour the breeding season is from September to November 
inclusive, when the sea temperature is increasing from the winter low to between 
8° and 9° C. Breeding takes place twice in the life span of three years. Fully 
developed gonads do not consistently occur until Pumilus has a shell length of more 
than 2.5mm. The ova at maturity are large, being between 150 and 200/xm, and 
50-100 are produced each year. Atkins' (1958) hypothesis on the storage of ova 
in the visceral cavity is discussed in the light of recent observations. Larvae remain 
in the parent mantle cavity for 9-17 days, until they reach a form when the mantle 
lobe bears setae, the apical lobe bears cilia and eyespots, the gut rudiment is elongated 
and the pedicle adjustor muscles are well developed. Settlement and mantle 
reversal may take from 2-5 days, or up to 10 days if larvae are released prematurely. 

Introduction 

Pumilus antiquatus is a small inconspicuous brachiopod, ranging in size from 
the newly settled animal with a shell length of about 225/im up to an adult with a 
shell length of 5.66mm. The shell is strongly sulcate, dark brown to white in 
colour; the lophophore is schizolophous and the animal is hermaphrodite. 

Pumilus antiquatus was first discovered by Dr D. Atkins in January, 1956, and 
was described as a new genus and species of the family Kraussinidae (Atkins, 1958). 
Atkins’ work was based on specimens sent to her at Plymouth, England, from 
Lyttelton Harbour, New Zealand. 

In May, 1964, whilst working at Portobello Marine Biological Station, the 
author discovered Pumilus antiquatus in Otago Harbour. 

In this paper, the ecology of Pumilus antiquatus will be described together with 
observations on the breeding, embryology and larval development. To date, the 
genus Pumilus is monotypic, therefore all reference herein is to Pumilus antiquatus. 
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Distribution 

Pumilus antiquatus has previously been recorded as occurring in rock pools on 
the east side of Lyttelton Harbour (Percival, 1960; Allan, 1960; Rudwick, 1962). 
The author found Pumilus to occur also on boulders off Gladstone Wharf on the 
opposite side of Lyttelton Harbur, and on Quarantine Island, Pudding Island, and 
around Aquarium Point in Otago Harbour. These are all sheltered rocky shores. 
The author has searched for, but not found, Pumilus antiquatus on the exposed 
seaward shores of the Banks and Otago Peninsulas, the rocky shores between these 
points and the shores of the west coast of South Island from Karamea to Jackson’s 
Bay. She found no Pumilus at Rangitoto Island, Auckland, where the brachiopod 
Waltonia inconspicua (Sowerby) is at its most abundant in New Zealand, nor did 
she find it at Half Moon Bay, Stewart Island. 

Pumilus is most abundant on the shore of Quarantine Island, past parts of 
which there is a fast-flowing current. However, where this current becomes a rip 
between the comer of the island and the end of Aquarium Point, Pumilus anti - 
quatus is absent, although Waltonia inconspicua is noticeably large. 

The animals are attached by their pedicle to the underside of rocks in the 
Hormosira sub-zone of Low Tide Neap (Lower Mid Littoral—Batham, 1956). 
Pumilus is closely associated with the Waltonia inconspicua population, although it 
does not extend quite so far up the shore as Waltonia , which goes to about half 
tide level. It is not known if, or how far, it extends below low spring tide level. 
However, specimens in the rock pools of Lyttelton Harbour never emerge from the 
water, the temperature of which reaches the extremes possible in the harbour, well 
above and below that of the harbour generally. The animals occurring in the pools 
must tolerate a considerable range of both temperature and salinity. 

It is noticeable that rocks bearing Waltonia inconspicua are far less densely 
colonised by Pumilus than those bearing only the latter. These may be very 
thickly covered. For example, a rock of lower surface area of approximately 0.5 
square feet bore 860 specimens. It is only rarely that a specimen of Pumilus occurs 
attached to another one and I have never found it on Waltonia. 

Associated species include the molluscs Ostrea heffordi, Modiolaria impacta, 
Ischnochiton circumvallatus; the anellids Galeolaria hystrix and Spirorbis; the com¬ 
pound ascidians Ascidia aspersa, Corella eumyota and Asterocarpa cerea; the sponges 
Aplysilla and PLeucosolenia; the porcellanid crabs Petrolisthes elongatus , and the 
brachiopod Waltonia inconspicua; the algae Hormosira banksii , Ulva reticulata and 
pink corallines. For greater detail reference should be made to Batham (1956) 
and Brewin (1946). 

The shells though having marked growth ridges, do not carry an epifauna or 
flora except for the occasional Spirorbis. A few colonies are infested by a small 
black helminth which feeds on the periostracum. 


Shell 

Atkins (1958) described the colour of Pumilus as dark brown to white, but on 
closer inspection it is found that the shell is white, and yellowish if iron stained. 
The covering periostracum gives the main variation in colour, as it generally takes 
on the colour of the surface covering the rock. Thus on darkly stained rocks the 
majority of the animals appear to be very dark brown, but on a light-coloured rock, 
such as the trachyte on some parts of the shore around Aquarium Point, Otago 
Harbour, the animal may appear yellowish or white, or have a pink tinge due to 
the pink/orange gonads showing through the shell. 

Some rocks have animals of both colours and of 390 specimens over 2.5mm in 
length, 17 were light in colour (Munsell colours 10YR7/4, 10YR6/2, 5YR5/6), 31 
were a little darker (Munsell 5YR3/2), and the remaining 342 were the typical 
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dark brown (Munsell 5YR2/2). Semi-quantitative X-ray fluorescence analyses of 
shells taken from this rock revealed that the pale shells had a 4:1 ratio of iron to 
manganese, whereas the dark shells had a 1:1 ratio. However, the light shell to 
dark shell ratio of iron was 11:15 and of manganese was 1:14. It is thus inferred 
that the dark brown colouration of the periostracum is largely due to an unidentified 
compound of manganese, probably an oxide, and that the yellow colouration was 
caused by an iron compound. The yellow colouration produced by a similar quan¬ 
tity of iron in the dark-shelled animals, is masked by the ? oxide of manganese. 

With pale specimens, as in Lingula (Jope, 1965), any staining tends to be dis¬ 
tributed in bands corresponding to the growth lines and the staining is less dark in 
the younger parts of the shell, showing that there is some deposition of what is 
presumably waste or excess iron rather than purely a staining by the surrounding 
water. The periostracum of the pale shells is very thin compared with that of the 
dark shells, and in all these animals, parts can be seen to have been removed by 
predators. 


Breeding Season and Life Span 

Pumilus has an annual breeding season, in Otago Harbour, from September to 
November inclusive. This has been ascertained by inspection of at least 60 animals 
by naked eye, and a small sample microscopically. Inspection was made monthly 
from December, 1964, to May, 1965, and weekly from June, 1965, to December, 
1965. Animals were also kept in running water in the laboratory at a temperature 
approximately 1° C higher than the sea temperature. 

These laboratory animals first reproduced on September 7, 1965 (sea tempera¬ 
ture 8.2° C), and two specimens containing blastulae were found on the shore on 
September 9, 1965 (sea temperature 8.0° C), although on September 8, 111 
Pumilus antiquatus were opened on the shore and not one was found to contain 
larvae. Spawning began when sea temperatures rose from the winter minimum 
of 5-6° G of July to between 8° and 9° G in early September. 

It is possible that spawning is earlier in Lyttelton Harbour than Otago Harbour 
as the former has generally higher sea temperatures. Otago Harbour being situated 
further south, receives more sub-Antarctic water (Knox, 1963). 

For comparison, the difference in time of spawning of Waltonia inconspicua in 
these harbours is approximately two weeks (Rickwood, in preparation). 

From the graph (Figure 1) it can be seen that Lyttelton sea water descends to 
between 8° and 9° C during August and September; the temperature plotted being 
for the first day of the month only, as mean monthly temperatures were not avail¬ 
able. The spawning period of Pumilus in Otago Harbour has been indicated on 
Figure 1, and by analogy it is predicted that Pumilus spawns in Lyttelton Harbour 
from August to October, and not in July as suggested by Atkins (1958). 

From Otago Harbour, animals with ripe ova and spermatozoa have been found 
during July, but these appear to be retained until September. They remain in the 
mantle sinuses, and not in the main coelomic cavity (Atkins, 1958). The nephridia 
were not observed to distend to store ova as is stated by Williams and Rowell (1965). 

Williams and Rowell (1965) also state that in the Southern Hemisphere, brach¬ 
iopod spawning takes place during the winter months and cite Notosaria nigricans 
during May and June, and Waltonia inconspicua during April and May. They also 
point out that Pumilus has ripe gonads during June and late May. The full period 
of breeding of Pumilus in Lyttelton Harbour is likely to be from August to October, 
and in Otago Harbour is from September to November. This is during winter 
and spring months. If temperature is the instigator of breeding, Pumilus antiquatus 
has a completely different trigger temperature for spawning from the other two 
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Southern Hemisphere brachiopods whose breeding season is known. Considering 
that the settled young develop under the opposite conditions, Notosaria and Waltonia 
during winter and Pumilus during summer, the three species cannot be linked to 
generalise the breeding season of the Southern Hemisphere brachiopods. 



MONTHS OF YEAR 

Fig. 1.—Monthly sea temperature in °C of Otago and Lyttelton Harbours, from January, 
1964, to January, 1966. (Otago Harbour average monthly surface temperatures, taken 8 a.m. 
from the end of Marine Station wharf. Lyttelton Harbour surface temperature taken 7 a.m. 
first day of month, from No. 6 wharf ) 
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Table I .—Pumilus antiquatus ovum number and size related to size of individual specimen 

and time of year. 


Month of 
collection 

Size 

Length 

in mm 
Width 

Approximate 
number of ova 

Ovum size in ^m 

February 

3.5 

2.93 

— 

<125 X 90 

May 

4.0 

3.45 

— 

<175 

July 

1.75 

1.4 

Undeveloped 

gonad 

— 


1.9 

1.5 

SS 

— 


2.1 

1.8 

Si 

— 


3.1 

2.55 

30 small gonau 

<50 


3.2 

2.5 

? 

1 SS Si 

<50 


3.3 

2.55 

14 

150-200 


3.3 

2.6 

20 

» 


3.6 

2.65 

30 

SS 


3.6 

3.2 

32 

SS 


3.6 

3.4 

50 

SS 


3.9 

3.25 

35 

SS 


3.9 

3.35 

25 

SS 


3.95 

3.3 

1 

SS 


4.0 

3.8 

Sperm oniy 



4.1 

3.2 

50 

150-200 


4.15 

3.6 

50 

)) 


4.2 

3.6 

70 

SS 


4.4 

4.0 

55 

SS 


4.7 

3.4 

50 

SS 


4.7 

3.7 

50 

SS 


4.2 

3.3 

Immature gonads 

<40 


4.8 

3.8 

Undeveloped 

gonad 

— 

August 

3.5 

2.88 

— 

<205 X 170 

September 

3.8 

3.4 

75 

<223 X 175 

4.1 

3.6 

90 

<182 X 182 


Specimens have been inspected for the state of the gonad during January, 
February and May. In January and February the eggs are small in the gonad 
(Table I, and Figure 5) but by May they have grown considerably, though still 
being smaller than those of later months. Fully mature sperm have not been 
observed until July (June in Lyttelton Harbour animals by Atkins, 1958). Very 
close watch was kept on the animals during July and August but no spawning was 
observed until September. 

On a rock at Aquarium Point, specimens ranging in length from 2.25 to 4.0mm 
were observed in May, June and July, 1964, and the presence of full gonads noted. 
They presumably reproduced in the spring of that year. In January, 1965, the 
specimens were still alive, but in August, 1965, when next observed, the numbers 
were reduced from 14 to four. This may have been natural death or may have 
been caused in part by the disturbance of the rock on which they lived, as it had 
become partially immersed in mud. This is supported by the fact that six Waltonia 
inconspicua of length 6.5 to 13.5mm had also disappeared. The rock with remain¬ 
ing animals was brought into the laboratory and in September and October all four 
specimens of Pumilus reproduced. This was therefore their second breeding season, 
and in July, 1966, they were still living. 

Pumilus produces up to 100 eggs each year, which is a very small number com¬ 
pared with other brachiopods: Notosaria nigricans up to 8,680 (Percival, 1960), 
Glottidia pyramidata up to 60,000 (Paine, 1962), Lingula anatina up to 17,250 
(Chuang, 1959) and Waltonia inconspicua up to 18,000 (Rickwood, in prepara¬ 
tion). As the eggs of Pumilus are large and are produced only once a year, it is 
reasonable to conclude from the preceding evidence that spawning takes place at 
least twice in a lifetime. 
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SIZE IN MM 

Fig. 2. —Pumilus antiquatus size/frequency histogram of population collected from Otago 

Harbour, August, 1964. 


Using 860 Pumilus from a rock of lower surface area 0.5 square feet, a size/ 
frequency histogram has been plotted. This is bimodal (Figure 2). However, the 
first peak from 0 to 2.25mm, does not include reproductive animals and may include 
some young of Waltonia. At 1.27mm shell length, the two species are distinguish¬ 
able (Atkins, 1958). Therefore only part of the first peak would be influenced by 
Waltonia so that Pumilus does have a bimodal size distribution. The second peak 
ranges in size from 2.5 to 5.5mm and from the previously cited evidence of the 
animals on the rock at Aquarium Point, this probably represents two year groups. 
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Atkins (1958) reports ova present in the ventral gonads of specimens measuring 
1.7mm and 1.95mm in length. These were collected in July and therefore must 
have been at least one year old. The recorded egg sizes are 70 X 1 00/Am and 
70 X 80/im respectively, and it is likely that they were immature because from my 
observations mature eggs were of the range 150-200/Am. Also fully developed 
gonads were not consistently observed until animals were more than 2.5mm in 
length, and that is probably during their second year of life (Table I). 

Using the 860 specimen population previously mentioned, a graph was made of 
shell length/dry weight of all specimens greater than 2mm in length. The graph 
was contoured in a manner based on a method used in structural geology (Schmidt, 
1925; Mellis, 1942; Flinn, 1958). A one inch square was taken which was about 
0.64 per cent of the total area of the graph. It was moved over the graph so that 
its centre lay in turn, at points spaced 0.5 inches apart. Thus the entire area was 
covered by a system of overlapping squares. At each position the number of 
specimen points falling entirely within the square were counted, those on the 
boundaries counted as half units, but those at the comers counted for quarter units. 
The total number of units was marked at the centre of each square. Then by 
arbitrary means the points of similar concentration of animals, i.e., units, were 
contoured. 



Fig. 3.—Contoured graph of shell length/dry weight of Pumilus antiquatus. (390 specimens 
of shell length >2.00mm, weight >0.0009gm. Collected from Otago Harbour, August, 1964. 


The contoured graph obtained is shown in Figure 3, and three groups can be 
distinguished as indicated by lines drawn at right angles to the curve through the 
following points, 2.4mm X 0.0013gm, 4.3mm X 0.0088gm, and 4.9mm X 0.0138gm. 

This and earlier mentioned evidence suggests that Pumilus antiquatus in Otago 
Harbour lives for three years and possibly four. 


0018 . 
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Egg and Sperm Production 

Pumilus appears to be a simultaneous hermaphrodite. Egg and sperm forma¬ 
tion is continuous throughout the year. Sperm tissue was seen to be present within 
the gonad during February, May, June, July, August, September and October. 
Development is more advanced in the later months of the year, no sperm tails having 
been identified in sections and living tissue of animals collected until late June. 
The sperm are formed along the whole length of the gonad, except at the extreme 
ends. The male germinal tissue appears to be on the germinal ligament amongst 
the ova (Figure 4). No particular site of formation has been detected, unlike 
Argyrotheca (Senn, 1934) in which it occurs towards the internal edge of the gland. 
If anything, in Pumilus it may be more centrally situated in the gland. Testes are 
found in both dorsal and ventral gonads, unlike Argyrotheca where Senn reasoned 
that testes occur only in the dorsal gonads. 

Typical spermatozoa from an animal of length 4.0mm and width 3.8mm collected 
July 5, 1966, measured 3.1/rni overall length, the tailpiece measuring 2.75/un and 
the head 0.25/un. 


spermatozoa 



Fig. 4. —Pumilus antiquatus germinal tissue showing ova and spermatozoa. (Drawn from 
X 1,000 magnification.) Living animal of shell length 4.95mm, September 8, 1965. 
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Species 

Crania anomola* 

Terebratulina septentrionalis 
Notosaria ( Tegulorhyncia) nigricans** 
Waltonia ( Terebratella) inconspicua 
Pumilus antiquatus 


Size 

max. 96 X 120/mi 
144 X 160/*m 
160/im 
180/*m 
max. 225/im 


Reference 
Senn (1934) 
Conklin (1902) 
Percival (1960) 
Percival (1944) 


♦Largest eggs of seven brachiopods quoted. **Newly fertilised. 


Considering the small size of Pumilus antiquatus the ova are very large when 
compared with other brachiopods (Table II). Atkins (1958) found ova 130 X 
150/xm in fully developed gonads of Pumilus of shell length 2.8 and 2.9mm, in 
the month of June. Using living material and eggs removed from the gonad, I 
recorded maximum egg diameters of 210/xm in July, of 220/jun in August and 
of 225ju.m in September; eggs remaining in post spawning gonads were 20 to 
80/xm. As the gonad matures the egg size variation diminishes and the eggs become 
more compressed. The ova of July to October have a distinct separation by size 
groups, those which are maturing for the present year and those which are still 
very small and will form the following year’s spat. Such a distinction cannot 
readily be seen during February. 

Counts of maturing eggs of 27 specimens of Pumilus are recorded in Table I. 

When the ovum is situated in the mantle it is surrounded by a layer of follicle 
cells which disappear after fertilisation. The nucleus is situated roughly centrally 
within the ovum and has a diameter of approximately one-third that of the basically 
spherical ovum. The nucleolus is clearly seen in stained sections. The ova and 
sperm become more and more closely packed as the breeding season is approached, 
and prior to release the ova average 200/un in diameter. 



Fig. 5. — (1) Pumilus antiquatus shell length 4.7mm, collected January, 1965. The gonads are 
small and immature. (2) Pumilus antiquatus shell length 4.2mm, collected August, 1965. 
The gonads are mature, containing ova and sperm and extend into the sinuses both antero- 

posteriorly and laterally. 
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The dorsal gonads gradually enlarge during the year, extending laterally into 
the pockets formed by the continuations of the gastro-parietal bands (Atkins, 1958). 
The ventral gonads are slender at the beginning of the year and extend anteriorly 
along the pedicle valve. By the breeding season these glands have become larger 
and more rounded (Figure 5). 


Fertilisation 

Ova and spermatozoa are stored in the mantle sinuses prior to fertilisation and 
spawning. They are closely situated in the gonad (Figure 4) when both appear to 
be mature, and it would seem most plausible that fertilisation takes place after release 
into the mantle cavity of the ova and sperm. No fertilised eggs have been observed 
within the coelomic cavity, and eggs undergoing first and second cleavage have been 
obtained from the mantle cavity on several occasions. 

Atkins (1958, p. 570) wrote, “It has yet to be discovered ... in Pumilus 
antiquatus, whether it is a protogynous hermaphrodite, or whether the gonads 
revert to the production of ova, and there is alternation in the production of sex 
cells ”. A third problem that she raises is that of self-fertilisation. 

On the evidence of one specimen (Atkins, 1958, p. 571, Fig. 8) she states that 
development of the testes continues in Pumilus after the shedding of the eggs, but in 
this instance the eggs have not been naturally shed because the specimen was 
collected in May or June, which is prior to the breeding season. Animals which 
have just shed the larvae contain only very small eggs and no male germinal tissue 
has been detected, neither have spermatozoa been seen in post-breeding animals 
of November and December. By the following January and February the ova are 
more numerous and a small amount of immature male germinal tissue can be seen, 
and by July tailed sperm have developed. Therefore, it would seem that Pumilus 
antiquatus is not protogynous, nor is there alternation in the production of sex 
cells. Atkins 5 suggestion that Argyrotheca cordata may be similar to Pumilus anti¬ 
quatus in producing sperm subsequent to egg production is unfounded. 

The author has collected three specimens of Pumilus with gonads consisting 
solely of sperms. These were specimens of shell length 3.8mm, 3.7mm, and 3.1mm 
and were collected during May, July and September. It is not considered that these 
are an indication of alternation of sex cell production because, of the hundreds of 
Pumilus antiquatus which have been inspected, too few, i.e., only three, had uni¬ 
sexual gonads. Many animals of these particular sizes were examined to see if 
there was any correlation between size and sperm production but no such relation¬ 
ship was found. These three specimens and that described by Atkins (1958), which 
had only sperm in the right gonads, are considered to have had abnormally function¬ 
ing gonads. The female part of the gland has been suppressed; Senn (1934) noted 
this in a few specimens of Argyrotheca cordata. 

That Pumilus antiquatus is self-fertilising has not been proven. Senn (1934) 
considers it possible for Argyrotheca to be self-fertilising because, in addition to 
simultaneous hermaphroditism, in the brood pouch the outermost larvae are farthest 
developed and it would also be difficult for external sperm to enter the pouch 
(Shipley, 1883). Pumilus also exhibits simultaneous hermaphroditism and unless 
protandry takes place, with the sperm liberated only a short time before the ova, 
self-fertilisation must take place in this animal. However, with fertilisation taking 
place in the mantle cavity, there is no method of preventing cross fertilisation. In 
both Pumilus and the Argyrotheca species, fertilisation must be inhibited until the 
gametes are released from the gonads into the mantle cavity and brood pouches 
respectively. 

It is of interest to note here that two large specimens of Waltonia inconspicua 
(shell lengths 20.0mm and 20.6mm) which have gonads being part male and part 
female, have been obtained from Quarantine Island, Otago Harbour. These ani¬ 
mals are usually unisexual. Whether self-fertilisation takes place is unknown. 
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The Storage of Ova Before Release into the Mantle Cavity 

In her paper of 1958, Atkins suggests that prior to release into the mantle 
cavity, the ova may be stored for a considerable time in the dorsal median coelomic 
cavity, i.e., the visceral cavity. Her argument for the conjecture is based upon one 
animal which was collected in May or June in Lyttelton Harbour, was preserved, 
and then mailed to England. 

In a section (Atkins, 1958, p. 571, Fig. 8) she shows some ova in the left dorsal 
and ventral sinuses and shows and states that only sperm is present in the right 
dorsal and ventral sinuses, but that it appears as if some eggs have been shed. In 
the section, the digestive diverticula look compressed compared with those of other 
sections. Atkins suggests that ova have filled the coelomic cavity and have pushed 
the diverticula out of their normal place. 

This is an attractive idea because, as Atkins states, the situation would possibly 
allow self-fertilisation. However, I find several points which bear adversely upon 
the hypothesis. 

(1) Fertilisation, whether self or cross, appears to take place in the mantle cavity. 

(2) The specimen was not collected during the breeding season. If there had 
been release of ova it was not the normal procedure although it may have taken 
place in the usual manner. 

(3) If the eggs were shed just prior to fixation it is curious that none were 
present in the mantle cavity, that the sperm still remained in the right gonads and 
that not all the mature ova had been shed. In the many brooding animals that 
I have inspected, all the gonads have been empty and all the larvae in the mantle 
cavity have been at the same stage of development. 

(4) Compared with other specimens and even with the left gonads of this 
animal, there is an extremely large amount of sperm tissue in the right gonads of 
Atkins’ Specimen 8. It seems most probable that the right gonads functioned 
abnormally in this animal, with the suppression of the female part of the gland. 


male 

germ cells 



ventral (pedicle) valve 


divergent lamella 

dorsal (brachial 
valve 


eggs in lateral 
pouch 

tive diverticulum 
coelomic space 


i - 

1mm 




Fio. 6 .—Pumilus antiquatus specimen collected September 8, 1965. Section through the 
lophophore and divergent lammella showing unfilled dorsal coelomic space and eggs in right 

dorsal lateral pocket. 
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(5) In the large number of Pumilus that I have inspected during the breeding 
season, no ova have been seen extending into the visceral cavity as far anteriorly 
as the digestive diverticula. At this position they are always within the lateral 
pockets. This may have been chance but so also may the presence of the ovum 
shown within the visceral cavity in Atkins’ Specimen 8 (Atkins, 1958, p. 571, 
Fig. 8). This ovum may have been displaced during transport from New Zealand 
or during sectioning. However, if the ova do pass into the coelomic cavity, they 
are not retained in this position for a considerable time. 

(6) From the facts that larvae in the mantle cavity are all at the same stage 
of development and that when larvae are present the gonads are empty of mature 
ova, it is concluded that the ova are all shed together. How can all the ova be 
retained in the coelomic cavity if only half of the ova of Atkins’ Specimen 8 causes 
such compression of the digestive diverticula? 

(7) The unfilled space of the coelomic cavity is not unusual as shown in section 
of an animal collected September 18, 1965 (Figure 6), and as seen in Atkins’ section 
(1958, p. 568, Fig. 6B). 


Brooding 

After fertilisation the embryos are retained in the mantle cavity for varying 
times, but for at least nine days. During this time they are kept within the mantle 
cavity by the lophophore, which being schizolophophous provides a natural basket. 
There are no brood pouches formed as in the other hermaphrodite brachiopods 
Argyrotheca cordata and Argyrotheca cuneata (Senn, 1934; Shipley, 1883). The 
extent of movement within the parent is not known. The larval cilia could func¬ 
tion to keep the larva in its place in the mantle cavity. However, on removal from 
the brooding adult, the larvae swim actively. 

The larvae remain in the parent until eyespots and setae are present, the apical 
tuft, the pedicle and mantle cilia have disappeared, the gut is elongated but closed 
and the pedicle adjustor muscles are present. They are released just before the 
mantle lobe is ready to reverse. 

When a parent Pumilus is opened artificially prior to natural spawning, the 
larvae have to be withdrawn by means of a dropping pipette. However, if the 
parent is injured by the breaking of the adductor muscles during the opening of 
the shell, then the embryos are shed from the mantle cavity via the median exhalent 
current. Atkins (1958) reports this current to be small. Thus it is possible that 
upon injury the cilia forming the median inhalent current reverse their direction 
of beat. This would be similar to the description of this occurrence in Megathyris 
(Atkins, 1960). 


Development within the Mantle Cavity 

The ova and sperm are released into the mantle cavity via the nephridia. The 
ova gradually become spherical with release of pressure due to packing in the 
mantle sinuses. At this stage they are approximately 200/Am in diameter and are 
surrounded by a single layer of follicle cells. 

As development within the mantle cavity has been found to take from 9 to 17 
days, it is impossible to state accurately at what age a particular change takes place. 
Therefore, in the text, the sequence of events is recorded without reference to the 
age of the larvae. In the drawings the ages of individuals are noted. 

After fertilisation the follicle cells break down leaving the egg cell wall naked, 
then cleavage commences within the mantle cavity. The first was horizontal, and 
the second is at right angles to the first, giving four equal blastomeres. The third 
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Fio. 7 .—Pumilus antiquatus. Cleavage and larval development. (1) 1st cleavage. (2) 2nd 
cleavage. (2) 8 cell stage. (4) 16 cell stage. (5) Early gastrulation (24 hours). (6) Ventral 
view of gastrula (5 days) showing site of blastopore and development of mantle lobe. (8) 
Contracted embryo just before release from parent mantle cavity. 
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Fig. 8. —Pumilus antiquatus. Larval development. (1) 30-40 hour gastrula with blasto- 
poral groove. (2) 30 hour early gastrula. (3) Late gastrula with apical tuft and develop¬ 
ing coelom (5 days). (4) 7 day larva. (5) Late larva just prior to release from mantle 

cavity. (13 days.) 
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cleft is horizontal, forming two layers of four blastomeres. These then divide ver¬ 
tically and radially to form a 16-celled blastula consisting of an upper and lower 
octet (Figure 7 (1), (2), (3) and (4)). Radial division continues to form a 
32-celled stage but cleavage does not seem to be simultaneous. In the specimen 
dish some blastulas showed irregular cleavage at this stage and later disintegrated. 
Older stages developed in the parent mantle cavity and eventually formed a hollow 
spherical blastula. 

External changes 

Gastrulation takes place by invagination. At this stage the blastula loses its 
spherical nature and becomes flattened on the blastoporal side (Figure 7 (5)). The 
blastopore can clearly be seen when individual cells are still readily visible at one 
hundred times magnification. Cilia quickly appear and cover the whole of the 
gastrula surface. Movement in the dish is very small, being dextro-rotatory about 
an axis passing through the blastopore which is usually towards the substratum. 
As gastrulation continues, the embryo gradually elongates and develops bilateral 
symmetry. With this shape the blastopore becomes situated in the middle of the 
ventral surface. The blastopore gradually closes and with it the blastoporal groove, 
which extends from the blastopore to the posterior end of the larva (Figure 8 (1)). 
The embryo becomes wider anteriorly and as this shape is formed the cilia con¬ 
tinue to cover the whole of the body. At the same time the axis of rotation 
changes and becomes parallel to the direction of locomotion. A thickened area 
starts to form around the middle of the larva and three areas can be distinguished. 
The cilia disappear from the middle area which will form the mantle lobe. The 
anterior area forms the apical lobe which later constitutes the organs of the body. 
The posterior part is the pedicle lobe. At this stage also, a tuft of long cilia appear 
at the apex of the anterior end of the larva, then the posterior cilia on the apical 
lobe become longer than the rest and those of the pedicle lobe become sparse (Figure 
7 (6)). The larva can now be seen to be dorso-vent rally flattened. After this 
stage eyespots appear. They are red in transmitted light and usually consist of 
four groups of two, situated antero-laterally on the apical lobe (Figure 7 (7)). 
During all these stages, when removed from the parent mantle cavity, the larvae 
swim around the bottom of the dish. They show movement towards a heat source 
and are initially attracted to light. 

The lobes continuously become more prominent and it can be seen that muscles 
are forming internally (Figure 8 (4)). Both the apical and pedicle lobes can be 
moved independently for change in direction of swimming and there is also a 
longitudinal contraction at times. 

As the mantle lobe forms it grows back over the pedicle lobe. The dorsal edge 
grows slightly in advance of the ventral edge (Figure 8 (6)) and eventually a 
groove is seen ventrally, which is the junction of the two approaching mantle edges 
(Figure 7 (9)). As the mantle forms, the pedicle setae become inactive. 

The larva remains in the mantle cavity until when relaxed it is about 220/Am 
x 200/on, and the lobes are as follows: The apical lobe is large and bluntly straw- 
berry-shaped, 100/xm long, having cilia and eyespots but having lost the apical tuft; 
the mantle lobe is at least as long as the apical lobe and from its inner surface on 
each side, the thick setae grow back slightly dorsally, to the length of the pedicle 
lobe. At this stage the mantle lobe is clearly made of two parts. These are ventral 
and dorsal and are the forerunners of the ventral and dorsal mantle (Figure 9 (1)). 

The pedicle gives the false impression of being in two parts due to the lack of 
mesoderm in the posterior part which forms the attachment on settlement (Figure 
7 (8)). This was also observed for Terehratulina septentrionalis (Couthouy) 
(Conklin, 1902). 
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Fig. 9 .—Pumilus antiquatus. Larval mantle reversal (18 days). (1) Settled larva show¬ 
ing ventral mantle groove. (2) Mantle beginning to be drawn up. (3) Settled larva 
showing initial lateral division of mantle. (4) Mantle reversal. (5) Mantle reversal and 
apical lobe being pulled down between the mantle lobes. (6) Complete mantle reversal. 
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Internal changes 

When the anterior/posterior orientation of the larva is clearly evident, the early 
gastrula, with cilia, the blastopore, and blastoporal groove, appears as in Figure 
8 (1). The arrangement of the tissue layers is as in Figure 8 (2), which is a 
larger than average gastrula. At the appearance of the apical tuft, the mantle 
lobe is just forming as a meridional ridge, then light spots are seen laterally in the 
ectoderm, on the posterior edge of the mantle. These are the developing setal sacs 
(Figure 8 (3)). At this stage the coelom is developing in the apical and mantle 
lobes (Figure 8 (3)). 

As the setae and eyespots appear, the gut rudiment starts to elongate posteriorly 
and the pedicle mesoderm begins the formation of the paired pedicle adjustor 
muscles which extend from the base of the apical lobe into the pedicle (Figure 8 
(4)). The gut rudiment becomes very elongated. It extends from the middle of 
the apical lobe, just below the site of the blastopore, to between the adjustor muscles. 
This is illustrated in Figure 8 (5), which is a figure of a 13-day old larva less than 
24 hours before release from the parent mantle cavity. 


Settlement 

On the release from the mantle cavity, the larvae are on average 220/xin from 
the apex of the apical lobe to the base of the pedicle lobe. They bear cilia on the 
apical and pedicle lobes, backward-projecting setae from the lateral rim of the 
mantle lobe and have four pairs of eyespots towards the apex of the apical lobe 
(Figure 8 (5)). Natural release from a parent has not been observed but larvae 
have been observed that must have left the parent only six hours previously, and 
also some which, at a late stage of development, were released due to damage to 
the parent. This latter group compensate for the lack of development by either 
roaming for several hours or days before settling on a rock, or by settling and then 
waiting—in one case for six days—before mantle reversal takes place. Mature 
larvae, upon release from the mantle cavity, swim searching for a suitable sub¬ 
stratum. Within 24 hours they settle upon the pedicle, usually in a crevice, and by 
choice they will settle on a weathered rock surface rather than a freshly exposed 
surface, even if this means the upper rather than the lower surface of a rock. 

When the larva first settles on a rock it becomes attached by a secretion of 
mucus from the pedicle. Then, before mantle reversal actually takes place, it 
undergoes a wriggling period, flexing its muscles considerably. This causes it to 
contract and relax and move from side to side whilst the cilia beat rapidly. Similar 
activity was described by Percival for Waltonia inconspicua (Percival, 1944). 

During this time the mantle lobe appears somewhat more transparent and moves 
away from the pedicle lobe, and can clearly be seen to consist of a dorsal and ventral 
part (Figure 9 (3)). This is unlike Notosaria nigricans , in which the mantle is a 
circular ring until two crescentic slits in the apical lobe have joined and the mantle 
has commenced to secrete a bivalved shell (Percival, 1960). 

The mantle is drawn up in an unrolling fashion with the edge bearing the 
setae being the trailing edge (Figure 9 (2)). Waltonia behaves similarly (Perci¬ 
val, 1944). The setae stick out over the apical lobe, like a protective fringe, during 
the latter part and after mantle reversal (Figure 9 (4)). Whether these setae are 
lost is not known, but certainly, at a later stage they did not appear to be so large 
or so numerous. 

The adjustor muscles then pull the apical lobe down between the mantle (Figure 
9 (5)) and secretion of the shell commences in a short while. 

After reversal, the cilia and eyespots gradually disappear. 
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Complete reversal and the onset of shell formation takes anything up to three 
or four days. One batch of larvae settled, reversed their mantles and secreted a 
shell in 48 hours. Another batch settled and showed mantle reversal in four days 
and the shell was clearly visible in a further four days. Both of these groups of 
larvae were reared in the laboratory. The first set was released voluntarily by the 
parent, the second set was obtained from the mantle cavity of an animal living in 
a laboratory tank. It is therefore assumed that the latter larvae were not quite 
as far advanced as the first set, although they superficially appeared to be so. 

One month after settlement, specimens were seen to have a punctate dorsal 
valve (Figure 10). 

The time between settlement and shell formation is the period when the larvae 
are the most vulnerable to attack by predators. Of many spat of both Pumilus 
antiquatus and Waltonia inconspicua reared in running sea water in the laboratory, 
the largest number of larvae lost was due to predation of ciliates and polychaete 
worms. 



Fig. 10 .—Pumilus antiquatus one month after mantle reversal. 


The typical sizes on settlement were shell length 200/xm and width 250/im, 
length 250/xm and width 200/xm, and length 200/xm and width 200/xm. Of larvae 
reared in the laboratory the average size of shelled young, at one month of age 
after settlement, was length 250ju,m, and width 225/xm. Young shelled Pumilus of 
estimated one month of age, taken from a shore population on November 10, 1965, 
had widths ranging from 200/xm to 325/xm. There is therefore little increase in 
the length/width dimensions at this stage, growth being mainly in the formation 
of the shell, lophophore and other organs of the body. 

At the early shelled stage the animal sits erect on the pedicle with a gape of 
approximately 45°. Upon disturbance the valves are snapped together, the pedicle 
is contracted and the valves are drawn to lie horizontally to the substrate. As the 
animal increases in age and size, it remains with the dorsal valve horizontal to the 
substrate and the ventral valve appears to pivot upon it. On removal from the 
water, the animal does not appear to be oriented in any particular direction. 
Certainly, both Pumilus antiquatus and Waltonia inconspicua in bowls of running 
sea water, in the laboratory, were oriented in various directions relative to the 
current flow. The greatest angle of rotation on the pedicle observed was approxi¬ 
mately 90°. The general anterior/posterior direction must be fixed when the larva 
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settles because at this stage the dorsal/ventral aspect of the animal has already been 
determined and in the adult the dorsal valve (brachial valve) is always nearer to 
the substratum, from which it is usually suspended. The aspect cannot be other¬ 
wise because of the nature of the beak which is long and suberect. 
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